In addition to angiographic data on vascularity and vascular access, demonstration of hepatocellular carcinoma (HCC) liver nodule hypervascularization is a prerequisite for certain intrahepatic antitumor therapies. Early dynamic (ED) 18 F-FDG PET/ CT could serve this purpose when the current standard method, contrast-enhanced (CE) CT, or other CE morphologic imaging modalities are unsuitable. A recent study showed ED 18 F-FDG PET/CT efficacy in this setting but applied a larger-thanstandard 18 F-FDG activity and an elaborate protocol likely to hinder routine use. We developed a simplified protocol using standard activities and easily generated visual and descriptive or quantitative endpoints. This pilot study assessed the ability of these endpoints to detect HCC hyperperfusion and, thereby, evaluated the suitability in of the protocol everyday practice. Methods: Twenty-seven patients with 34 HCCs (diameter $ 1.5 cm) with hypervascularization on 3-phase CE CT underwent liver ED 18 F-FDG PET for 240 s, starting with 18 F-FDG (250-MBq bolus injection). Four frames at 15-s intervals, followed by 3 frames at 60-s intervals were reconstructed. Endpoints included focal tracer accumulation in the first 4 frames (60 s), subsequent focal washout, and visual and quantitative differences between tumor and liver regions of interest in maximum and mean ED standardized uptake value (ED SUVmax and ED SUVmean, respectively) 240-s time-activity curves. Results: All 34 lesions were identified by early focal 18 F-FDG accumulation and faster time-to-peak ED SUVmax or ED SUVmean than in nontumor tissue. Tumor peak ED SUVmax and ED SUVmean exceeded liver levels in 85% and 53%, respectively, of lesions. Nadir tumor signal showed no consistent pattern relative to nontumor signal. HCC had a significantly shorter time to peak and significantly faster rate to peak for both ED SUVmax and ED SUVmean curves and a significantly higher peak ED SUVmax but not peak ED SUVmean than the liver. Conclusion: This pilot study provided proof of principle that our simplified ED 18 F-FDG PET/CT protocol includes endpoints that effectively detect HCC hypervascularization; this finding suggests that the protocol can be used routinely.
The liver has dual vascularization, with approximately 75%-80% of blood supplied by the portal vein and the remaining 20%-25% by the hepatic artery. However, many liver neoplasia, especially hepatocellular carcinomas (HCCs), are characterized by nearly exclusively arterial perfusion (1) . Consequently, these tumors are usually arterially hypervascularized, compared with noncancerous liver tissue (2) .
In addition to angiographic data on vascularity and vascular access, demonstration of arterial hypervascularization in HCC liver lesions is a prerequisite for intrahepatic anti-HCC interventions such as transarterial chemoembolization or selective internal radiotherapy. In these interventions, catheter-based embolic agents are introduced into the hyperperfused tumor regions via the femoral artery and, ultimately, the hepatic artery branches (3) .
Contrast-enhanced (CE) morphologic imaging modalities, most commonly CT but also ultrasonography or MR imaging, currently are the preferred methods to initially demonstrate HCC arterial hypervascularization. The underlying principle is the imaging, quantitation, or both of the early influx of the contrast medium to show the increased arterial blood supply and of the washout to show the missing portal vascularization (4) (5) (6) .
However, these modalities sometimes may be unsuitable. CT contrast medium is frequently poorly tolerated, especially in patients with hyperthyroid or renal comorbidity (7) (8) (9) (10) , and the relatively high radiation dose of even stateof-the-art 3-phase CE CT may be problematic for the liver, especially in younger patients (11) . Ultrasonographic contrast medium carries a risk of allergic reactions and is contraindicated in patients with pronounced cardiac problems such as unstable angina pectoris or heart failure (12) , and ultrasonography may poorly image deep-lying lesions, especially in the obese. MR imaging contrast medium cannot be given to those with renal failure, and MR imaging cannot be performed in patients with implanted electronic devices, certain ferromagnetic metal implants, or intractable claustrophobia (13) .
Because only approximately 50%-70% of HCC tumors exhibit glucose metabolism higher than that of the liver parenchyma (14, 15) , conventional late static whole-body (WB) 18 F-FDG PET combined with CT plays a subordinate role in HCC primary diagnosis. However, this procedure is often used to help confirm liver transplant eligibility by excluding extrahepatic tumor (16, 17) .
Performing early dynamic (ED) liver 18 F-FDG PET/CT before the conventional static WB procedure could provide an alternative for detecting HCC hypervascularization in patients with contraindications to CE morphologic imaging. After Mullani et al. (18) demonstrated the efficacy of ED 18 F-FDG PET/CT to measure blood flow in a variety of advanced solid tumors, Bernstine et al. (19) successfully applied the modality to assess HCC liver lesion perfusion. However, the Bernstine group used an elaborate protocol requiring laborious, time-consuming calculation that likely precludes the use of the protocol in everyday practice. Additionally, they administered a relatively large 18 F-FDG activity, 500 MBq. Such a tracer amount substantially increases radiation exposure, compared with that associated with the approximately 250-MBq activity recommended by the guidelines of the European Association of Nuclear Medicine (20) , and at our center a larger activity also increases perprocedure costs by approximately $325-390 (U.S. dollars; ;250-300 Euros) relative to use of the smaller activity.
We therefore formulated a simplified, lower-activity liver ED 18 F-FDG PET/CT protocol including a variety of easily generated potential visual and descriptive or quantitative endpoints. We performed the present pilot study to assess the ability of the endpoints to detect hypervascularized HCC liver lesions and thus the suitability of the protocol for everyday use.
MATERIALS AND METHODS

Study Comparison and Endpoints
The study compared HCC nodules versus adjoining or nearby tumor-free liver tissue, each represented by respective regions of interest (ROIs), regarding the ED 18 F-FDG PET endpoints summarized in Table 1 . The endpoints were chosen for analogy with evaluation of 3-phase CE CT images for HCC hypervascularization. The comparison was performed by 2 experienced nuclear medicine specialists on a nonmasked, consensus basis.
As a preliminary step enabling the comparison, hypervascularized tumors were identified on liver ED 18 F-FDG PET images. With the aid of software (Volumetric Analysis; Siemens) for analyzing data acquired in list mode, the ED PET data were presented on a dedicated multimodal evaluation console (Syngo MMWP Version VE31A; Siemens), and the images for all time intervals were visually scanned for increased tracer accumulation. A focal accumulation within any of the earliest 4 frames (together representing the first 60 s of scanning) was taken to denote hypervascularization. All layers of the focal finding then were evaluated to demarcate actual foci from tubular vessel sections. Next, the focal accumulation signal was visually evaluated for signs of tracer washout in all frames (together representing the first 240 s after tracer injection) in chronologic order. Washout was defined as a downward trend in signal intensity in the focal finding after peak signal intensity had been attained. All findings of hypervascularized tumors were confirmed morphologically, through side-by-side comparison with a CE CT scan, because the Volumetric Analysis software did not support presentation of an 18 F-FDG PET/CT hybrid image.
After morphologic confirmation of the ED PET finding of a hypervascularized tumor, a 2-dimensional ROI was drawn over the entire lesion. For each tumor, a 2-dimensional ROI of similar size was drawn over a nearby and, if possible, adjoining tumorfree liver region, using transaxial or coronal sections depending on the location of the tumor. To avoid confounding our comparisons, we made every effort to exclude from the nontumor ROIs larger hepatic vessels or regions showing textural abnormalities on CE CT, which might represent cirrhotic tissue with increased vascular resistance relative to normal hepatic parenchyma.
Time-activity curves for the maximum ED 18 F-FDG PET standardized uptake value (ED SUVmax) and the mean ED 18 F-FDG PET standardized uptake value (ED SUVmean) of the tumor ROI and the nontumor ROI then were calculated for the ED 18 F-FDG PET scanning period and presented. The standardized uptake value (SUV) was determined by dividing the measured tracer concentration by total injected activity and body weight. The SUVmax was derived from the single voxel with the highest tracer uptake within an ROI and thus avoided bias introduced by the ROI size-that is, inclusion of a greater or lesser proportion of voxels with more intense or less intense uptake. The SUVmean was derived from all voxels within the ROI and thus was presumed to more closely reflect tracer uptake in that ROI as seen by the human eye.
We also performed conventional late static WB 18 F-FDG PET and visually evaluated the images regarding tumor demarcation and a morphologic correlate for focal findings. Additionally, we compared conventional WB 18 F-FDG PET data for tumor versus tumor-free liver ROIs, selected as described above, using the quantitative endpoints of peak SUVmax and peak SUVmean.
Patients, Lesions, and Ethics
The study sample comprised 27 consecutive adults with HCC that had been confirmed clinically, histologically, or both, who had at least 1 hypervascular HCC liver nodule 1.5 cm or greater in diameter on the CE CT. These patients were referred to our center from November 2010 to October 2011 for WB 18 F-FDG PET/CT to exclude extrahepatic involvement, thereby confirming eligibility for liver transplantation. Twenty-one patients had 1 such nodule each, and 6 patients 2-3 such nodules each, accounting for 34 lesions in total; patients tended to have few lesions because they were possible liver transplantation candidates. These tumors measured 5.6 6 4.0 (mean 6 SD; range, 1.6-15.0) cm in diameter. No patient had an HCC nodule less than 1.5 cm on CE CT images. Table 2 shows other key cohort characteristics, which were typical of the population with HCC undergoing WB 18 F-FDG PET/CT at our tertiary referral center. Our ED 18 F-FDG PET protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by our hospital's Ethics Committee; all patients provided written informed consent.
ED 18 F-FDG PET/CT and WB 18 F-FDG PET/CT
18 F-FDG (250 MBq) was administered in 10 mL of 0.9% saline as a 4 mL/s bolus, followed by rinsing with the same amount and concentration of saline. Patients fasted 8 h or more before 18 F-FDG administration, which occurred only if blood glucose measured less than 10 mmol/L at 20 min before the scheduled injection. Ten minutes before tracer application, butylscopolamine (5 mg) was given to relax the colon. The patient was positioned in the PET/ CT system (Biograph mCT 40 with a TrueV fourth PET ring and a 21.8-cm axial field-of-view; Siemens) so that the liver was as fully as possible within the scanning area. Subsequently, a non-CE, lowdose liver CT (50 mAs, 120-kV tube voltage) image was obtained for attenuation correction. Images were reconstructed with a 3-mm slice thickness and a 1.5-mm increment. The radiation exposure attributable to the CT was approximately 0.3 mSv.
ED 18 F-FDG PET imaging was performed in list mode-that is, as continuous scanning with every measured value stored as raw data with an exact time stamp, beginning simultaneously with the 18 F-FDG bolus and continuing for 240 s. Subsequently, we reconstructed the data as 4 frames at 15-s intervals, followed by 3 frames at 60-s intervals. The frames were reconstructed using HD-TrueX software (Siemens), by 3-dimensional attenuationweighted ordered-subset expectation maximization (4 iterations, 12 subsets) with a 5-mm postreconstruction gaussian filter, attenuation image segmentation, and a 200 · 200 pixel matrix. The initial short intervals were intended to take into account the arterial phase of rapid tracer influx, whereas the later pictures reconstructed over a longer period were intended to present with better counting statistics the venous phase and late venous phase of relatively slower tracer efflux.
Five minutes after the ED 18 F-FDG PET imaging was complete (;10 min after tracer application), furosemide (20 mg) was injected to flush the kidneys and thereby minimize genitourinary tract imaging artifacts in the subsequent static WB 18 F-FDG PET. The patient then was transferred prone to a waiting room and remained there until returning to the scanner for the latter procedure, performed at approximately 60-90 min after tracer injection. To avoid the interruption of workflow, ED PET data for 1 patient were reconstructed and transferred to the processing workstation while the PET system was disinfected and bed linens were changed for the next patient.
The WB 18 F-FDG PET/CT scanning region encompassed the base of the skull to the proximal thigh. Immediately before WB 18 F-FDG PET, a second low-dose CT scan (estimated radiation exposure, ;1.5 mSv) was obtained for attenuation correction, with the same settings as were used for the initial low-dose CT scan. As soon as possible thereafter, the WB 18 F-FDG PET scan was acquired with 6 bed positions at 2 min of recording time each, using identical image reconstruction methodology as for the ED 18 F-FDG PET scan.
CE CT
The CE CT scan used as a morphologic reference for the 18 F-FDG PET study was obtained as part of routine evaluation approximately 2 wk before the 18 F-FDG PET scan. The first step was to obtain a topogram from the base of the skull to the proximal thigh to determine the CE CT scanning area. That area usually was from the neck to the lower liver margin for the arterial phase and from the upper liver margin to the lower margin of the pelvis for the venous phase. After a bolus injection of 100 mL of contrast agent (Ultravist 300; Bayer Vital), the multislice CE CT scanning was performed as a bolus tracking technique. Tube voltage was 120 kV, the modulated tube current-time product was 80-280 mAs, and the section thickness was 0.625 mm; the image was reconstructed every 5 mm.
Statistics
Because this was a pilot comparison, no sample size calculations were performed. The significance of differences between tumor and nontumor ROIs was assessed with the Sign and Wilcoxon tests. All means are presented along with the SD. A P value of less than 0.05 was considered to show significance. SPSS Statistics software (version 19; IBM) was used for the analyses.
RESULTS
Representative images and time-activity curves are presented in Figures 1-4 (CE CT images in Fig. 1 ; ED 18 F-FDG PET images in Fig. 2 ; ED 18 F-FDG PET/CT images in Fig. 3 ; and tumor and liver ROIs and their ED SUVmax and ED SUVmean time-activity curves in Fig. 4 ).
Visual Evaluation of ED PET Images
On the basis of focal tracer accumulation in the first 60 s of scanning, every hypervascular tumor 1.5 cm or greater in diameter (34/34, 100%) that had been identified on CE CT was detectable on ED 18 F-FDG PET; the quality of presentation of the focal signal increase was independent of tumor size. On the basis of visual observation, during washout, the focal signal fell to a liver-equivalent level in 31 lesions (91%) and to below liver level in 1 lesion; washout was not discernible throughout the 240-s scanning period in the remaining 2 lesions.
Descriptive Evaluation of Tumor Versus Nontumor Time-Activity Curves
As seen in Table 3 , an earlier peak ED SUVmax and an earlier peak ED SUVmean for tumor foci than for nearby or adjoining tumor-free liver tissue could be seen on the basis of the shape of the corresponding time-activity curves for all 34 lesions. The magnitude of ED SUV elevation seemed to less reliably indicate a hypervascularized tumor: a higher peak was apparent on many but not all of the lesion ED SUVmax time-activity curves and on only just above half the lesion ED SUVmean curves, relative to their tumor-free comparator curves. The peaks of both the ED SUVmax and the ED SUVmean were higher in tumor than in parenchyma in 16 tumors (47%); all 34 tumors had either a peak ED SUVmax or a peak ED SUVmean higher than that of the corresponding nontumor ROI. No consistent visual washout pattern was evident for tumor tissue relative to nontumor liver tissue on the time-activity curves for either ED SUVmax or ED SUVmean. Table 4 summarizes quantitative variables related to ED SUV time-activity curves. On average, the time to peak ED SUVmax was 57 6 37 s shorter in tumor than in nontumor tissue, a significant difference. Additionally, the peak ED SUVmax was significantly higher, and the ED SUVmax rose to peak level significantly more rapidly in tumor than in nontumor tissue. ED SUVmean also rose to peak level significantly more rapidly in tumor than in nontumor tissue. However, although the peak ED SUVmean was higher in tumor than in tumor-free liver tissue, that difference did not attain statistical significance.
Quantitative Evaluation of Tumor Versus Nontumor Time-Activity Curves
Evaluation of WB 18 F-FDG PET/CT
For the WB 18 F-FDG PET/CT, the tumor, compared with parenchymal tissue, showed increased glucose metabolism in 20 of 34 cases (59%). On average, SUVmax was significantly higher in tumor than in nontumor tissue (4.7 6 2.2 vs. 3.5 6 0.7, P , 0.05, Sign test), as was the SUVmean (3.1 6 0.9 vs. 2.6 6 0.3, P , 0.05, Sign test).
DISCUSSION
Theoretically, adding a liver ED 18 F-FDG PET/CT before a late static WB 18 F-FDG PET/CT, which would be performed to exclude HCC extrahepatic spread, provides an appealing alternative for demonstrating HCC liver nodule hypervascularization when CE morphologic imaging is infeasible. Indeed, even when such imaging is feasible, ED 18 F-FDG PET has several advantages. The modality avoids the morbidity, discomfort, and prophylaxis to improve tolerability that are associated with contrast agents and, unlike MR imaging, is compatible with pacemakers and other implants. Additionally, ED 18 F-FDG PET has essentially no contraindications other than pregnancy, minimizing blood sampling, laboratory work, and anamnesis to determine eligibility.
The suitability of liver ED 18 F-FDG PET/CT for demonstrating HCC hypervascularization recently was elegantly demonstrated by Bernstine et al. (19) , but the complexity of their protocol limits its routine applicability. Additionally, compared with standard activities, their unusually large 18 F-FDG activity increases patient radiation exposure by approximately 5 mSv, approximately the normal yearly radiation exposure and, at our center, increases cost by approximately $325-390 (U.S. dollars; ;250-300 Euros).
The present protocol therefore simplified that of Bernstine et al. (19) in 2 main ways. First, using ED 18 F-FDG PET/CT to generate CE CT-like images-that is, to depict the arterial, portal venous, and venous phases-and relying largely on simple visual and descriptive endpoints, we reconstructed fewer frames with longer times: 4 frames at 15-s intervals, then 3 frames at 60-s intervals, versus 18 frames at 5-s intervals. Our frame selection compromised the ability to limit computation time and effort, compared with obtaining sufficient temporal resolution, and the ability to generate adequate count statistics. In preliminary experiments, we found reconstruction of 5-s frames over 240 s to require at least 32 min and as long as 45 min, during which no further patients could be examined on the PET/CT system (unpublished data). In contrast, reconstruction with 15-and 60-s frames required only 7 min, allowing integration into our routine workflow. We hypothesized that 15-s frames would be short enough to detect hypervascularized tumors yet long enough to smooth irregular curves caused by respiratory motion and to differentiate well between tumor and nontumor ED SUV curves.
Second, as endpoints, we substituted more easily determined visual and descriptive and qualitative variables for complex estimations of tumoral and nontumoral hepatic blood flow using an arterial input function.
Another noteworthy difference between our protocol and that of Bernstine et al. was that we worked with a lower, more standard (20) 18 F-FDG activity and a faster injection rate and injection: 250 MBq at 100 MBq/s, for a 2.5-s bolus versus 500 MBq at 50 MBq/s, for a 10-s bolus. We thereby sought to produce well-distinguishable curves despite the use of standard 18 F-FDG activities.
The present results provide proof of principle that our protocol indeed includes endpoints highly effective in detecting HCC liver lesion arterial hypervascularization: focal tracer influx during the first 4 frames (60 s of scanning) and ED SUVmax or ED SUVmean time-activity curves peaking earlier in a tumor ROI than in a liver ROI (Table 3) identified all 34 hypervascularized HCC nodules shown on CE CT, the current standard modality to demonstrate hyperperfusion in this setting. This discriminative ability confirms that our frame duration provided sufficient temporal resolution and, together with the 7-min frame reconstruction time and absence of apparent ED 18 F-FDG PET/CT-related toxicity in our patients, suggests that our protocol-perhaps with additional streamlining-may be suitable for routine use in settings in which list-mode evaluation software and PET systems capable of list-mode acquisition are available.
On visual image examination, the postpeak signal appeared to fall only to parenchymal levels in 33 of 34 (97%) tumors, whereas the ED SUV time-activity curves showed a nadir tumor signal beneath the liver level in approximately 40%-50% of tumors. This discrepancy, reported for static CE morphologic imaging methods (6, 21) , obviously reflects a visual underestimation of the degree of washout in images, probably due to the limited sensitivity of the human eye to differences in contrast and to the ED SUVmean-reducing effects of minor, nonvisible necrosis. The finding suggests that it may be necessary to calculate ED SUV time-activity curves to confirm visual classifications of washout, which generally is more gradual, and hence harder to see, than is tracer influx. Although less needed with focal accumulation, such confirmation would add confidence to visual classifications of that phenomenon.
Compared with other ED 18 F-FDG PET or CE CT studies (19, 21, 22) , we found a relatively late peak signal in timeactivity curves for both tumor and nontumor tissue. This observation is explained by the fact that we did not adjust our measurements by g-variate fitting-that is, we did not use a mathematic function to exclude recirculation (19, 23) . We made this choice because, as previously noted, this pilot study sought to test ED 18 F-FDG PET as a CE CT-like procedure not to estimate blood flow as exactly as possible. Furthermore, with approximately 250 MBq of 18 F-FDG activities, a relatively low ED PET counting rate can be expected, and thus with MR imaging material measurement errors can occur in g-variate fitting (24) .
The ED 18 F-FDG PET methodology assessed here had certain limitations. First, we compared ED 18 F-FDG PET images side by side with separately obtained arterial CE CT images. Because ED 18 F-FDG PET took place with patients in the resting expiratory position, whereas CE CT was performed earlier during deeper inspiration, discrepant respiratory phase-induced liver displacements and deformations (25) and patient positioning complicated functional-anatomic correlation. Therefore, particularly when we quantitatively compared tumor versus liver ROIs, adjacent layers had to be closely scrutinized to differentiate actual focal findings from false-positive readings due to truncated vessels. The suboptimal coregistration also made it relatively time-consuming to find morphologic correlates for smaller foci and, together with the relatively low PET resolution (;4 mm) (26, 27) , would render it difficult to detect lesions less than 1 cm in diameter (28) . For this last reason, similarly to Bernstine et al. (19) , we included in our study only tumors of 1.5 cm or more. However, recently released software permitting ED 18 F-FDG PET and CE CT scan coregistration should ease functional-morphologic image correlation, enhancing identification of smaller nodules.
A second methodologic limitation of the studied ED 18 F-FDG PET was an inability to fit peripheral portions of greatly enlarged livers into the scanning area. This deficiency would of course be more marked in PET systems with smaller fields of view than our equipment had. Our scanner's fourth detector ring and the resultant comparatively large 21.8-cm axial field of view of 21.8 cm per bed position enabled complete liver registration in 22 of 27 patients (82%), whereas in the others, although the caudal portion of segment VI was not displayed, 90% or more of the liver was. Regardless of the field of view of the PET system, future software upgrades should allow large areas including several bed positions to be scanned with ED PET, permitting in at least some scanners complete registration, even in cases of extreme hepatomegaly.
In addition, many, but not all, PET scanners can perform the ED procedure. Hardware and, especially, software capable of list-mode acquisition and data evaluation are required.
Our study itself also had limitations. Because it was a pilot trial, no sample size calculation was performed. Additionally, the patient cohort was small, and no comparison was made with CE ultrasonography, CE MR imaging, or angiography. Further studies should be performed addressing these issues, and several additional avenues of investigation may be of interest. First, further protocol simplification may be possible. For example, our finding (29) . Lastly, ED 18 F-FDG PET could be evaluated in cirrhosis assessment, a purpose for which blood flow measurement by CE ultrasonography or CE MR imaging has been applied (30) .
CONCLUSION
This pilot study provides initial proof of principle that a simplified ED 18 F-FDG PET/CT protocol with standard tracer activities, using visual examination of liver ED 18 F-FDG PET images and comparison of tumor versus liver ED SUV time-activity curves, effectively detects hypervascularization of HCC liver nodules of 1.5 cm or greater. These results suggest that this protocol can be easily added onto conventional static WB 18 F-FDG PET/CT in everyday practice. ED 18 F-FDG PET/CT using even further streamlined methodology might replace or supplement established CE morphologic imaging of HCC, especially in patients with contraindications to CT, ultrasonography, or MR imaging contrast medium or those procedures themselves.
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